We humans have many characteristics that are different from those of the great apes. These human-specific characters must have arisen through mutations accumulated in the genome of our direct ancestor after the divergence of the last common ancestor with chimpanzee. Gene trees of human and great apes are necessary for extracting these human-specific genetic changes. We conducted a systematic analysis of 103 protein-coding genes for human, chimpanzee, gorilla, and orangutan. Nucleotide sequences for 18 genes were newly determined for this study, and those for the remaining genes were retrieved from the DDBJ/EMBL/GenBank database. The total number of amino acid changes in the human lineage was 147 for 26,199 codons (0.56%). The total number of amino acid changes in the human genome was, thus, estimated to be about 80,000. We applied the acceleration index test and Fisher's synonymous/nonsynonymous exact test for each gene tree to detect any human-specific enhancement of amino acid changes compared with ape branches. Six and two genes were shown to have significantly higher nonsynonymous changes at the human lineage from the acceleration index and exact tests, respectively. We also compared the distribution of the differences of the nonsynonymous substitutions on the human lineage and those on the great ape lineage. Two genes were more conserved in the ape lineage, whereas one gene was more conserved in the human lineage. These results suggest that a small proportion of protein-coding genes started to evolve differently in the human lineage after it diverged from the ape lineage.
Introduction
We now have a clear picture of the phylogenetic constellation of human (Homo sapiens): chimpanzee (Pan troglodytes) and bonobo (Pan paniscus) are equally closely related organisms to human (e.g., Sibley and Ahlquist [1984] , Saitou [1991] , and Horai et al. [1995] ). Nucleotide substitution difference between human and chimpanzee was estimated to be 1.23% based on 19-Mb BAC end sequence comparison (Fujiyama et al. 2002) . This difference corresponds to 3.7 million bp for the whole genome under the assumption that the human and chimpanzee genomes are both approximately 3 billion nucleotides. Many of those differences were probably caused by mutations occurred in so-called junk DNA (Ohno 1972 ) and had no effect on phenotypic difference between human and chimpanzee. Some proportion of nucleotide changes, however, must be responsible for human-specific characteristics, such as large brain size and bipedalism. King and Wilson (1975) proposed that genetic changes at the gene expression control region are more important than changes in the protein-coding region. However, there are more than 32,000 genes in the human genome (International Human Genome Sequencing Consortium 2001) , and a considerable number of proteincoding genes must produce proteins that slightly differ in amino acid sequences between human and chimpanzee. Some of those amino acid differences may be responsible for human-specific characteristics.
It is our interest to determine whether amino acid changes occurred in the human lineage after the last common ancestor diverged from the chimpanzee lineage. Such changes are the candidates for the genetic basis of human-specific characteristics. Gene trees of human and great apes are necessary for extracting those genetic changes that occurred in the human lineage. There are three possible gene trees for human, chimpanzee, and gorilla (see figure 1 ). Because the speciation period of human and chimpanzee is difficult to infer, the ''human lineage'' in this paper is defined as branch connecting the present-day human and the last branching point designated as a circle in figure 1 .
The tree topology of human, chimpanzee, and gorilla differed from gene to gene. Satta, Klein, and Takahata (2000) compared 34 genes and found that about 60% of loci supported the human-chimpanzee clade, and the remaining 40% supported one of the two alternative trees. Chen and Li (2001) and O'hUigin et al. (2002) compared 53 segments and 51 genes, respectively, and they also found a similar tendency. Because the time span between the human-chimpanzee common ancestor and gorilla speciation is short (approximately 1 to 2 Myr), gene genealogies might differ from gene to gene.
The majority of genes is evolving under neutral fashion, and natural selection plays mainly a conservative role as negative or purifying selection (Kimura 1983; Nei 1987) . Nevertheless, a small portion of genes is under positive selection, and evidence of positive selection at the molecular level has been accumulated through comparison of synonymous and nonsynonymous substitutions since it was first found for MHC genes (Hughes and Nei 1988, 1989) . Even if we restrict our attention to primates, 15 genes were so far shown to experience positive selection (table 1) . We, therefore, also compared synonymous and nonsynonymous substitutions to identify human lineagespecific positive selection.
orangutan. Because we needed to compare coding sequences (CDS) of human and great apes, we arbitrarily chose genes that can be easily amplified (relatively long CDS region [.300 bp]) from genomic DNA. In fact, 10 out of 18 genes were single CDS genes. DNA was extracted from peripheral blood sample of a certain Japanese individual, with informed consent for human (Homo sapiens) samples. DNA samples for chimpanzee (Pan troglodytes), gorilla (Gorilla gorilla), and orangutan (Pongo pygmaeus) were also used. Each PCR reaction mixture contained 0.2 mM dNTP, 1.5 mM MgCl 2 , 13GeneTaq Mg 21 free Universal Buffer (Nippon Gene), 10 pmol of each primer, and 1 unit AmpliTaq Gold (PE Biosystems). A list of primers used in this study is available in the Supplementary Material online. The typical PCR condition used in this study consisted of 40 cycles of 30 s denaturation at 958C, followed by 15 s primer annealing at 608C and 1 min extension at 728C (PE GeneAmp PCR system 2400 and 9700). Immediately proceeding these cycles, a 10 min hot-start step at 958C was included. All PCR primers were designed based on human sequences in the database. PCR products were confirmed by 1.5% agarose gel electrophoresis and purified using Micro Spin Columns (Amersham Biosciences). The purified PCR products were sequenced by using BigDye Terminator Cycle Sequencing Kit and ABI PRISM 377/310 DNA sequencer (PE Biosystems). When long sequences were read, both strands were read using PCR primers and inner primers.
Sequence Data Retrieval and Analyses
Eighty-five protein-coding gene sequences were retrieved from the DDBJ/EMBL/GenBank International Nucleotide Sequence Database (Supplementary Material online) . This data set contains human, chimpanzee, gorilla, and orangutan sequences longer than 100 bp. To retrieve those sequences, we used orangutan sequences as queries for Blast search to obtain homologous sequences for human, chimpanzee, and gorilla. For human sequences, we used sequences that were cited in the NCBI Reference Sequences (RefSeq) as representative ones. When more than two sequences were found from one ape species, we used the sequence that showed the shortest branch in the neighbor-joining tree (Saitou and Nei 1987) . ClustalW version 1.8 (Thompson, Gibson, and Higgins 1994) was used for multiple alignments. Tree topologies were determined by counting numbers of informative sites (Supplementary Material online). Tree a shows humanchimpanzee cluster, tree b shows chimpanzee-gorilla cluster, and tree c shows human-gorilla cluster. Genes with unclear topology (trichotomy or same number of informative sites support different trees) was categorized into group d. Genes belonging to group d were recategorized into d-a, d-b, and d-c by using the UPGMA method (Sneath and Sokal 1973) . Program pamp in PAML package (Yang 1997 ) was used for reconstruction of internal nodes of sequences. ODEN package (Ina 1994) was used for estimation of synonymous and nonsynonymous substitutions (Nei and Gojobori 1986) .
Statistical Tests
We used two kinds of statistical tests for detecting human-specific natural selection. One test is the acceleration index test for nonsynonymous substitutions of human and apes. This test analogous to the test of Zhang, Webb, and Podlaha (2002) , in which an acceleration index for the human lineage in comparison to the mammalian lineage before the human-chimpanzee split is defined by the equation (h/5.5)/[m/(2 3 90 2 5.5)] ¼ 31.7h/m. The variables h and m are numbers of amino acid substitutions in the human lineage and the mouse lineage, respectively. Zhang, Webb, and Podlaha (2002) used divergence times between human and chimpanzee (5.5 MYA) and between primates and rodents (90 MYA). They also computed the tail probability in a binomial distribution of B(h1m, 0.03056) for testing the statistical significance of rate enhancement in the human lineage. The value 0.03056 is from 5.5/180, the time span for human branch, relative to that for primates and rodents branches. We applied this test as B(n-Human 1 n-Ape, 0.13268) to determine the statistical significance of rate enhancement in the human lineage in contrast to ape lineage (n-Human and n-Ape are numbers of nonsynonymous changes at the human lineage and ape lineage, respectively). In our test, 0. (2000) a These genes were not used in this study, because gorilla sequence was not available for NPIP, and gene duplication occurred after orangutan divergence for IGHA and RH.
Human-Specific Amino Acid Changes 937 40.7, is the ratio of the time span for human branch (5.4 MYA) to the time span for ape lineages (40.7 MYA). We used divergence times estimated by Chen and Li (2001) . Taking the orangutan speciation date as approximately 12 to 16 MYA (midpoint is 14 MYA) (Goodman et al. 1998) , they obtained an estimate of 4.6 to 6.2 MYA (midpoint is 5.4 MYA) for the human and chimpanzee divergence and an estimate of 6.2 to 8.4 MYA (midpoint is 7.3 MYA) for the gorilla speciation date, suggesting that the gorilla lineage branched off approximately 1.6 to 2.2 MYA (midpoint is 1.9 MYA) earlier than did the human and chimpanzee divergence. The time span between the ancestor of human-chimpanzee-gorilla-orangutan and the ancestor of human-chimpanzee-gorilla can be estimated to 6.7 MYA (¼ 14 MYA to 7.3 MYA). For simplicity, we took midpoint values and assumed the species tree. Therefore, the total divergence time of hominoid lineages is 40.7 MYA ¼ 5.4 MYA 1 5.4 MYA 1 1.9 MYA 1 7.3 MYA 1 6.7 MYA 1 14.0 MYA. We also used Fisher's exact test (two tails) for synonymous and nonsynonymous substitutions of human and apes. This test is analogous to the test of McDonald and Kreitman (1991) , in which silent and amino acid replacement changes for polymorphic and fixed differences were compared. We compared silent and amino acid replacement changes for human and ape branches in this study.
Results and Discussion
Topologies of Gene Trees for Human, Chimpanzee, and Gorilla Orthology for each gene was checked by examining the total number of synonymous substitutions for all branches for a gene. The average value for 103 genes was 0.06, and the maximum value was 0.14 6 0.05 for the PRM2 gene. Because the amount of synonymous substitution of PRM2 was not significantly larger than the average, we can expect that all compared genes are orthologous.
We divided the 103 protein-coding genes into four groups by its tree topology using the parsimony method. Human and chimpanzee are clustered in tree a ( fig. 1A) , and it is the same as the species tree. Chimpanzee and gorilla are clustered in tree b (fig. 1B) , and human and gorilla are clustered in tree c ( fig. 1C) . Genes with unclear topology (trichotomy, or same number of informative sites, support different trees) was categorized into group d. Numbers of nucleotide sites supporting each tree for each gene are shown in Supplementary Material online. Thirtyfour genes were group a, 10 genes were group b, 14 genes were group c, and the remaining 45 genes were group d (table 2) . The 45 genes in trifurcating tree (group d) were further classified by using UPGMA, under the assumption of approximate constancy of the evolutionary rate.
If we consider the proportion of tree topology by using 58 genes (45 genes in group d were excluded), 59% of the coding genes supported tree a, 17% supported tree b, and 24% supported tree c. Satta, Klein, and Takahata (2000) showed that from 34 nuclear loci, 59% of loci supported tree a, 21% of loci supported tree b, and 21% of loci supported tree c (they used both coding and noncoding regions). Chen and Li (2001) reported that 58% of loci supported tree a, 23% of loci supported tree b, and 19% of loci supported tree c from a comparison of 53 autosomal intergenic noncoding DNA segments. Proportions of three categories (a, b, and c) estimated from the present study with a larger number of genes were similar to these previous studies. When we consider the proportion of tree topology by using 94 genes, where 36 genes in group d were reclassified to a, b, or c by using UPGMA, similar proportions were observed (52% for tree a, 26% for tree b, and 22% for tree c).
We also classified the total number (182) of informative sites into those supporting the three possible trees: 55% of sites supported tree a, 21% supported tree b, and 24% supported tree c. These proportions are similar to those estimated from numbers of genes. O'hUigin et al. (2002) estimated that the 53% of the informative nucleotide sites supported tree a, 31% supported tree b, and 16% supported tree c from 87 informative sites found in 51 genes. The result of the present study showed more uniform distribution of two alternative informative sites.
If we compare different gene trees, the branch length of the human lineage for tree b is expected to be longer than those of tree a and tree c under the assumption of the molecular clock. We, thus, compared the number of synonymous substitutions (dS) for each branch of three gene trees (table 3) . As expected, dS of the human branches for tree b were longer than those of tree a and tree c, with clear statistical significance. This is consistent with the topological difference between tree b and the remaining two trees. Human forms a cluster with chimpanzee or gorilla in tree a and c, whereas human is an outgroup to the chimpanzee-gorilla clade in tree b (see figure 1) . Similarly, the branch length of the chimpanzee lineage for tree c is expected to be longer than those of tree a and tree b, and the branch length of the gorilla lineage for tree a is expected to be longer than those of tree b and tree c. However, clear results were not obtained. This finding may be caused by a smaller number of compared genes.
We also expect that the internal branch of tree a is the longest among the three gene trees because the topology of tree a is the same as that of the species tree. In fact, the internal branch length of tree a was about two times longer than those of tree b and tree c (table 3) . When we consider dS by including group d genes reassigned by assuming the rate constancy, similar results were observed (table 3) . These results suggest that even if gene tree topologies differ from the species tree topology, these genes are considered to be orthologous when polymorphism of an ancestral population is assumed.
Synonymous and Nonsynonymous Changes on the Human Branch
We compared numbers of synonymous and nonsynonymous substitutions for human and ape branches (see table 4 ). The ape branch denotes the sum of all branch lengths of the tree except for the human branch. We applied the acceleration index test (Zhang, Webb, and Podlaha 2002) for nonsynonymous substitutions of human and apes, and six genes (APOE, BRCA1, FOXP2, HCR, PRM2, and ZFY) showed acceleration at the human lineage with statistical significance at the 5% level (table  5) . Zhang, Webb, and Podlaha (2002) applied this test to amino acid changes of 120 genes among human, chimpanzee, and mouse, and identified FOXP2 and PRM2, with significantly enhanced evolutionary rates in the human lineage (table 5). FOXP2 and PRM2 genes were also reported to be under positive selection on the human branch using different tests by Enard et al. (2002) and Wyckoff, Wang, and Wu (2001) , respectively. Both FOXP2 and PRM2 genes were also determined to have experienced human-specific acceleration in the present study. However, probabilities for these two genes were increased in this study, from 0.003 to 0.048 for FOXP2 and from 0.001 to 0.005 for PRM2 (table 5) . Interestingly, the other four genes (APOE, BRCA1, HCR, and ZFY) showed the reversed tendency; P(A.I.-ape) is much lower than P(A.I.-mouse). This shows the stronger power of the test used in this study. Zhang, Webb, and Podlaha (2002) used human, chimpanzee, and mouse sequence data to analyze humanspecific selection of genes. Outgroup species are necessary to estimate the human lineage-specific changes; however, mouse may be too far removed to be used as an outgroup. Recently, Clark et al. (2003) compared coding regions of mouse, human, and chimpanzee but did not find many genes with significantly higher nonsynonymous substitutions in the human lineage. More closely related species, such as gorilla and orangutan, are appropriate as outgroups for the kind of analysis we conducted in the present study.
The BRCA1 gene was determined to be under positive selection on human and chimpanzee branches (Huttley et al. 2000) . APOE codes apolipoproteins involved in cholesterol metabolism. Three major isoforms are known for human APOE (Weisgraber, Rall, and Mahley 1981) , and these alleles differ in their association with hyperlipoproteinemia (Rall et al. 1982) and Alzheimer disease risk (Corder et al. 1993) . It is possible that the cholesterol metabolism underwent different evolutionary pressures between the human and the ape branches. The HCR gene locates near the HLA-C locus and is a candidate gene for psoriasis (Asumalahti et al. 2000) . However, there is so far no report of positive selection on this gene. The ZFY gene encodes a zinc finger-containing protein that may function as a transcription factor. Differential rates of evolution of the ZFY-related genes were recently observed in mice species (Tucker, Adkins, and Rest 2003) .
We also applied Fisher's exact test (two tails) for synonymous and nonsynonymous substitutions of human and apes. Three genes (BRCA1, FOXP2, and DAF) showed statistical significance at the 5% level (table 5) . BRCA1 and FOXP2 genes showed significant enhancement of nonsynonymous substitutions in the human lineage, as also found by using the acceleration test, whereas the DAF (decay accelerating factor) gene showed significant reduction at the human lineage. Generally speaking, P(n/s) values are higher than P(A.I.-ape) values except for the FOXP2 gene.
There are two equally parsimonious trees for the DAF gene. Figure 2 shows these two trees (shown with bold lines in A and B) on the phylogenetic network. This gene was categorized into group d-a, corresponding to tree A of figure 2. Four synonymous and two nonsynonymous substitutions on the human branch and six synonymous and 28 nonsynonymous substitutions on ape branches were assumed for tree A. The number of nonsynonymous substitutions on the human branch is significantly smaller than those of other branches (table 5) . When the alternative maximum-parsimonious tree ( fig. 2B ) is considered, however, two synonymous and five nonsynonymous substitutions on human branch and six synonymous and 27 nonsynonymous substitutions on other branches were observed. In this case, number of substitutions between human and other branches is not statistically significant. The DAF gene codes a glycoprotein and it is related to Cromer blood group system (CR) (Reid et al. 1996) . Kuttner-Kondo et al. (2000) mentioned that number of amino acid changes differ region by region in primate DAF genes. This gene may have a human-specific nucleotide substitution pattern, but it depends on a topology to be analyzed. More detailed analyses might be needed for this gene. A total of 147 amino acid changes were observed in the human lineage for 26,199 codons (0.56%). About 60% of amino acid changes were radical changes. If we assume that the number of genes in human genome is 32,000 and the mean number of amino acid residues is 447 (International Human Genome Sequencing Consortium 2001), the number human genome-wide amino acid changes is estimated to be 80,258. Considerable numbers of those amino acid differences may be responsible for human-specific characteristics.
Differences of Nonsynonymous Substitutions for Human and Ape Branch
Comparison of synonymous and nonsynonymous substitutions for each coding region is a standard way of detecting the pattern of natural selection. However, the number of synonymous substitutions may undergo stochastic changes, and it can be rather small for one gene but become large in another gene. We therefore decided to compare the number of human and ape nonsynonymous substitutions (dN) with the number of synonymous substitutions (dS) for each gene. Human and ape dNs were positively correlated with high statistical significance (R 2 ¼ 0.33, P ¼ 2.00 3 10 210 ). This result is compatible with that of Wildman et al. (2003) . Figure 3 shows a plot of human dN 2 ape dN for each gene. We multiplied human dN by 6.54, because of the difference of human divergence time (5.4 MYA) and ape divergence times (35.3 MYA). If dN is constant for human and ape branches, human dN 2 ape dN is expected to be zero. In fact, majority of the genes are located around the zero line in figure 3. Substitution rates (dS) varied among genes. For example, PRM2 showed the highest substitution rate by dS. However, there was no correlation between the difference of human dN 2 ape dN and total dS.
Two genes (ACAT2 and PRM2) showed higher rates of dN for human branch than ape branches. In ACAT2, no synonymous substitution and two nonsynonymous substitutions were observed on the human branch, and one synonymous and two nonsynonymous substitutions were observed on the ape branch. However, because the compared number of nucleotides (147 bp) was small, a further analysis is necessary to determine whether this difference is significant. The RNASE3 gene was shown to have higher rate of dN for ape branches than human branch (figure 3). Zhang, Rosenberg, and Nei (1998) analyzed RNASE3 (eosinophil cationic protein or ECP) and suggested the existence of positive selection on this gene. However, our result on figure 3 suggests that positive selection operates only on the ape branch. It is possible that the selective constraint became strong after the human lineage diverged from the remaining hominoid lineage for the RNASE3 gene.
In conclusion, we conducted a systematic analysis of 103 protein-coding genes for human, chimpanzee, gorilla, and orangutan. We showed that gene genealogies differ from gene to gene, because the time span between the human-chimpanzee common ancestor and gorilla speciation is short. We conducted three types of analyses for detecting the human-specific pattern in nonsynonymous NoTE.-n-Human and n-Ape are numbers of nonsynonymous changes at the human lineage and ape lineage, respectively. P(A.I.-ape) and P(A.I.-mouse) are probabilities of acceleration index for the human lineage compared with the ape (chimpanzee, gorilla, and orangutan) lineage and compared with the mouse lineage, respectively. P(n/s) is the probability of Fisher's exact test (two tails) for synonymous and nonsynonymous substitutions between the human and ape lineages. * Indicates significant at 5% level. ** Indicates significant at 1% level.
a Probability was estimated from data presented in Zhang, Webb, and Podlaha (2002) . b Probability was estimated using the mouse orthologs given in NCBI reference sequences (HCR: BC031416, ZFY: M24401, and DAF: L41366). changes. Comparison of each coding region is a standard way of detecting the pattern of natural selection. However, it is sometimes difficult to detect the pattern of natural selection because of a few numbers of changes. We conducted comparison of dNs by using a large number of genes. This kind of analysis may help to find candidate genes that caused human-specific phenotypic changes.
